Human parvovirus B19 is the only parvovirus known to be a human pathogen. The structure of recombinant B19-like particles has been determined to Ϸ3.5-Å resolution by x-ray crystallography and, to our knowledge, represents the first near-atomic structure of an Erythrovirus. The polypeptide fold of the major capsid protein VP2 is a ''jelly roll'' with a ␤-barrel motif similar to that found in many icosahedral viruses. The large loops connecting the strands of the ␤-barrel form surface features that differentiate B19 from other parvoviruses. Although B19 VP2 has only 26% sequence identity to VP3 of adeno-associated virus, 72% of the C␣ atoms can be aligned structurally with a rms deviation of 1.8 Å. Both viruses require an integrin as a coreceptor, and conserved surface features suggest a common receptor-binding region.
H
uman parvovirus B19, a member of the Parvoviridae family, is a common human pathogen associated with a wide variety of diseases. Most commonly, it causes a mild childhood rash, Erythema infectiosum (1) , but in some cases more serious symptoms can be linked to B19, such as acute or persistent arthropathies (2) , critical failures of red cell production (3), Hydrops fetalis (4), fetal loss (5), myocarditis (6) , or hepatitis (2) .
Parvovirus B19 is currently the only accepted member of the genus Erythrovirus, which is characterized by a high tropism for erythroid progenitor cells (7) . Nevertheless, some other human viruses have been discovered that can tentatively be considered to be erythroviruses. Human erythroviruses cluster into three genotypes, B19-, LaLi-, and V9-related viruses, based on nucleotide sequence comparisons (8) . Simian parvovirus (SPV) (9) , pig-tailed macaque parvovirus (PtPV), and rhesus macaque parvovirus (RhPV) (10) have also been proposed to be members of the Erythrovirus genus. Little is known about the molecular basis of infection and pathogenesis of these viruses. The glycosphingolipid globoside has been suggested to be the cellular receptor of B19 (11) but is not sufficient for viral infection (12) . Recently, ␣5␤1 integrin was described as a cellular coreceptor of B19 that is required for viral entry into human cells (13) .
The single-stranded DNA genome of B19 is packaged into a nonenveloped, icosahedral protein shell of Ϸ280 Å in diameter (14) . The capsid consists of 60 structural subunits, Ϸ95% of which are the major viral protein VP2 (58 kDa) (15) . The other structural protein, VP1, differs from VP2 only in a N-terminal ''unique region'' composed of 227 additional amino acids, which are mostly located outside the virion and, therefore, accessible to antibody binding (16, 17) .
The three-dimensional capsid structures of canine parvovirus (18, 19) , feline panleukopenia virus (FPV) (20) , minute virus of mice (21) , Galleria mellonella densovirus (22) , adeno-associated virus 2 (AAV-2) (23), and porcine parvovirus (24) were previously determined to near atomic resolution. An eight-stranded, antiparallel ␤-barrel (''jelly roll'') comprises most of the internal portion of the protein shell. The surface of the virion is formed by large insertions connecting the strands of the ␤-barrel, thereby creating features that govern antigenicity and receptor binding. The loop between the ␤-strands G and H and its symmetryrelated equivalents form protrusions at or around the icosahedral threefold axes. Other common characteristics of parvoviral surfaces are depressions on the twofold axes and canyons surrounding the fivefold axes. In canine parvovirus, a glycinerich motif near the N terminus of VP2 is located in the channel along the fivefold axes of the capsid (18, 19) . The conservation of the glycine-rich motif in parvoviruses suggests its function for the externalization of the unique region at the icosahedral fivefold axes.
Cell culture systems that are susceptible for B19 infection are not suitable for a large-scale propagation of the virus. Therefore, it has been necessary to use recombinant, empty protein shells that are self-assembled from either VP2 or VP2 and VP1 for structural and biochemical studies. Recombinant capsids are morphologically and immunologically similar to infectious virions (25) . Nevertheless, there are small differences in the immune response against recombinant VP2 capsids compared with particles that, like infectious virions, also contain some VP1 subunits (25, 26) , suggesting that there may be minor structural differences between the structure reported here and the infectious virus. Previous studies on recombinant B19 VP2 particles by x-ray crystallography were limited to 8-Å resolution and showed differences on the viral surface, in particular on the threefold icosahedral axes, compared with other parvoviruses (14) .
The neutralizing effect of antibodies can be achieved by interference of the antibody with the attachment of the virion to the cell surface or subsequent processes. The neutralization might be accomplished by physically blocking the receptor binding site or by an antibody-induced conformational change of the virus structure. The mapping of the antigenic surface of a virus, therefore, might indicate functional areas that govern receptor recognition, binding, or cell entry. Although the immune response against B19 is mainly elicited by the VP1 unique region (27) , several antigenic target regions for neutralizing antibodies have been described for VP2 (26, (28) (29) (30) (31) . The major area of enhanced antigenicity corresponds to the C-terminal half of VP2, situated mostly around the threefold axes of the capsid.
We report here the three-dimensional structure of recombinant, empty parvovirus B19 VP2 particles at Ϸ3.5-Å resolution and show that, of the available parvoviral structures, it is structurally most similar to AAV-2. Although these viruses share a common host, their low sequence similarity suggests a hostindependent evolution (32, 33) . The structure of B19 will provide a basis for the mutational analysis of nonhuman primate erythroviruses that might help to elucidate the mechanisms of infection and pathogenesis of B19 in an animal model.
Methods
Recombinant VP2 capsids were purified from insect cells by a modification of the procedure described by Kajigaya et al. (25) . The capsids were crystallized by using the hanging drop vapor diffusion technique. Aliquots (1.5 l) of the purified capsid (9 mg⅐ml Ϫ1 in 10 mM Tris⅐HCl, pH 7.5) were mixed with an equal volume of reservoir solution (16-22% 2-methyl-2,4-pentanediol in 0.1 M sodium cacodylate buffer, pH 7.4), and the droplets were equilibrated against 750 l of reservoir solution at 20°C. X-ray diffraction data were collected from frozen crystals at the Advanced Photon Source ( Table 1 ). The diffraction images were integrated and scaled by using the HKL data processing system Version 1.97.3 (34) . The crystals belonged to space group P2 1 3. Most of the several hundred crystals tested diffracted from 8-to 5-Å resolution with cell dimensions of Ϸ358 Å. Only a few crystals of one batch extended to higher resolution. One of these crystals gave weak diffraction to Ϸ3.5 Å and had unit cell dimensions of 351.4 Å. All reflections between 3.84 and 3.81 Å were omitted to avoid interference from ice crystal reflections (Table 1 ). The space group and crystal packing arrangement are essentially the same as previously observed on crystals that diffracted to only 8-Å resolution (14) .
The structure of the B19 VP2 particle was determined by standard procedures. An electron density map of recombinant B19 particles with 10-Å resolution obtained by cryoelectron microscopy (data not shown) was used as a model for molecular replacement. The structure was built by using FPV and AAV-2 as starting models with the O package (35) and refined with CNS by using noncrystallographic symmetry constraints alternated with model rebuilding. The map was further improved by a translation, libration, and screw rotation refinement with the program REFMAC (36) . The axis of greatest rotational displacement almost matched the threefold crystallographic axis. This rotational disorder is probably the cause of the anisotropic smearing that had been observed in the electron density map. The final R factors for the model are shown in Table 1 . Of the non-glycine, non-proline residues, 95.8% were within the limits of the generously allowed regions of the Ramachandran plot. The bond lengths and angles deviated from idealized values by 0.01 Å and 1.9°, respectively.
Results
The crystal structure of parvovirus B19, to our knowledge the first near-atomic structure of an Erythrovirus, has been solved by using data to 3.5-Å resolution ( Table 1 ). The high degree of noncrystallographic redundancy helped to produce an interpretable electron density map for the protein shell ( Fig. 1) , although the data beyond 3.7-Å resolution were weak. Most of the 554 residues of the B19 VP2 capsid protein were traceable in the electron density, except for 18 N-terminal residues and 13 amino acids (amino acids 301-313) that form the tip of a surface loop adjacent to a threefold icosahedral axis. Regions with the highest temperature factors coincide with exposed loops (Fig. 2) . Additional ordered density was found close to the internal surface of the capsid, which can be interpreted as being partially ordered nonviral DNA, but the density is not sufficiently well defined to permit tracing of the nucleic acid backbone. This density is in contact with the protein shell in the vicinity of the threefold axes, where the inner particle surface is positively charged.
The B19 VP2 structure contains an eight-stranded, antiparallel ␤-barrel consisting of two ␤-sheets in the standard BIDG and CHEF arrangement (37) (Fig. 3a) . This motif is in approximately the same position relative to the icosahedral symmetry axes as in other mammalian parvoviruses. About two-thirds of the parvoviral structure are made up of insertions connecting the strands of the ␤-barrel. The capsid appears to be stabilized by the interlocking of neighboring VP2 molecules, where loops 3 and 4 of the GH loop of one subunit are closely intertwined with loop 1 in the BC loop and a portion of the GH loop of a threefold symmetry-related subunit (see Fig. 3a for nomenclature). Although most of the C-terminal 50 residues of VP2 are accessible on the particle surface, the final four amino acids are buried within the protein shell, close to the inner capsid surface. The N terminus of the ordered VP2 structure (amino acid 19) is located on the inside of the capsid, close to a fivefold axis. The elaborate interstrand loops contain secondary structural elements, which comprise the viral surface (Fig. 3b) . Compared with all other known parvovirus structures, B19 has the closest structural similarity to AAV-2, a Dependovirus that also replicates in human cells (Figs. 2 and 4) . The backbone of B19 (523 ordered residues) superimposes onto AAV-2 (519 ordered residues) with a rms deviation (RMSD) of 1.8 Å for 400 equivalenced C ␣ atoms (or 77% of the structure), whereas the RMSD for FPV (548 ordered residues) is 2.0 Å for 324 C ␣ atoms (or 62% of the structure). The structural similarity of B19 to AAV-2 is especially apparent in that the structure of the large insertion (209 ordered residues), between strands G and H of the ␤-barrel, superimposes with an RMSD of 2.0 Å for 168 C ␣ atoms (80%) in the case of AAV-2 and 2.2 Å for 102 C ␣ atoms (49%) for FPV. Between AAV-2 and B19, 28% of the structurally aligned residues are identical, whereas only 17% are identical between FPV and B19 (Fig. 2) .
The most obvious difference between the capsid surface of parvovirus B19 and that of FPV is the lack of prominent spikes Plotted above the sequence alignments are the external and internal accessible surface area (black) for the capsid. Shown also is the averaged temperature factor for each residue (red). Additionally, amino acids that are not identical to the B19 VP2 sequence are shown for the major capsid proteins of nonhuman primate erythroviruses SPV (accession no. AAA74975), RhPV (accession no. AAF61211), and PtPV (accession no. AAF61214) and human erythroviruses LaLi (accession no. AAK95571) and V9 (accession no. NP694865).
at the icosahedral threefold axes. The protrusions adjacent to the depression at the threefold axis are smaller in B19 than in AAV-2, but their positions are the same (''threefold-proximal'' peaks). The area around the threefold axes of the capsid is formed by the large loop between ␤G and ␤H (amino acids 235-454) and its symmetry-related equivalents (Fig. 3b) . In AAV-2, a threefold-proximal peak is formed by a subloop of the GH loop (AAV-2 amino acids 348-379 and B19 amino acids 296-328) sandwiched by loop 3 (AAV-2 amino acids 293-341 and B19 amino acids 249-289) and loop 4 (AAV-2 amino acids 440-458 and B19 amino acids 388-403) of a symmetry-related molecule. The lack of prominent protrusions in B19 is mostly due to the shortening of loops 3 and 4 compared with AAV-2. The subloop of amino acids 296-328 in B19 and its equivalent in AAV-2 contains an insertion of 19 amino acids relative to FPV. The ends of this insertion are traceable in B19, but 13 amino acids at the tip of the subloop are disordered (Figs. 4 and 5a) . In FPV, an insertion (amino acids 433-448 of FPV) in loop 4 forms the tip of the threefold spike. Because of this missing subloop in B19 and AAV-2, there is a small depression at the threefold axes. The base of the threefold structure is composed of the Cterminal portion of the GH loop (B19 amino acids 410-454), which is mostly conserved and structurally similar in all three viruses.
A cylindrical structure at the fivefold icosahedral axis is formed by the DE loop (amino acids 129-148) and its symmetryrelated equivalents. This fivefold structure in B19 is homologous to that of AAV-2 and FPV, but in B19 the tip of the loop is bent toward the central axis of the channel. Five symmetry-equivalent threonines (Thr-135) form an uncharged polar gate at the outside end of the fivefold channel, creating an opening of only Ϸ9 Å in diameter (distance of C ␣ atoms) in contrast to Ϸ18 Å (Asn-189) in AAV-2 and Ϸ14 Å (Thr-158) in FPV. Consistent with structures of other empty parvoviral capsids (24, 38) , there is no electron density in the fivefold channel representing the glycine-rich N-terminal region of VP2. The HI loop (amino acids 460-480) extends the fivefold structure to a flower-like motif with the fivefold cylindrical structure at its center. This flowerlike structure is surrounded by a canyon-like depression. The outer rim of the canyon in B19 is more prominent than that in AAV-2 and FPV and is composed of loop 1 (amino acids 59-77), loop 2 (amino acids 190-207), a subloop of the GH loop (amino acids 355-362), and an insertion of 10 aa (amino acids 525-536), unique to erythroviruses in the loop comprising amino acids 512-543 (Figs. 2 and 5a) . The latter insertion forms the crest of the wall between the twofold depression and the canyon.
Discussion
Comparison of B19 with AAV-2. The recombinant B19 particles are structurally most similar to AAV-2, with which B19 shares a common host. However, the degree of similarity between B19 and AAV-2 (26% identity between major structural proteins) is far less than between B19 and other primate parvoviruses, such as LaLi (97%), V9 (98%), and SPV (67%). Therefore, assuming a similar rate of mutational acceptance, the divergence between B19 and AAV has probably occurred before the separate evolution of Homo sapiens and other primates; thus, their utilization of the same host may be coincidental. Phylogenetic analysis of parvoviruses shows that AAV clusters with avian parvoviruses (32) , which might suggest a common avian origin for both B19 and AAV. Crossing of the human-avian host barrier has been observed for other viruses, such as for avian influenza virus A (39) .
Heparan sulfate proteoglycan serves as a primary attachment receptor for AAV-2, whereas ␣V␤5 integrin has been implicated as a coreceptor for the AAV-2 internalization process (40) . Similarly, ␣5␤1 integrin is a cellular coreceptor of B19 that is required for viral entry into human cells (13) . Therefore, structurally conserved surface loops might indicate the location of a homologous coreceptor binding site or host range determinants. Regions of greatest sequence similarity between B19 and AAV-2 that coincide with externalized amino acid side chains occur close to loop 1 (amino acids 82-87) and at the N terminus of loop 2 (amino acids 168-188) (Fig. 2) . These sequences are located in the canyon around the fivefold axis (Fig. 5b) . The regions of amino acids 79-88 and 178-187 in B19 correspond to parts of an epitope on AAV-2 recognized by an antibody that neutralizes AAV-2 infection after primary receptor attachment, possibly blocking the secondary receptor attachment site (41) . This overlap suggests that the integrin coreceptors might bind to the canyon floor. Alternatively, conserved surface features in that region might constitute a binding site for the exposed unique region of VP1.
The biggest structural differences among parvoviruses occur in the architecture of the threefold spike formed by the large GH loop. Therefore, it is significant that the RMSD between C ␣ atoms of B19 and AAV-2 is only 2.0 Å for 80% of the residues in that region (Fig. 4) . The surface features formed by the GH loop are a major immunodominant region in native B19 virions and in recombinant VP2 particles (28, 30) . Regions known to affect the heparan sulfate binding of AAV-2 were located by peptide mapping and mutational analyses at or near the surface of the threefold-proximal peaks and the wall of the twofold depression (23, (41) (42) (43) (44) (Fig. 5c ). Epitopes that elicit neutralizing antibodies in B19 (28) correspond to regions in AAV-2 that are involved in heparan sulfate binding. Hence, this region might function as the primary receptor attachment site of B19 but does not correspond to the globoside binding site suggested by Chipman et al. (45) . This discrepancy requires further research to clarify.
Erythrovirus. According to sequence homology and cell tropism, human parvovirus B19 is closely related to the nonhuman primate parvoviruses (9, 10, 32) . Most of the highly conserved sequences among erythroviruses (amino acids 160-177, 182-194, 206-216, 246-257, 511-524 and 534-543) (Fig. 2) are located in the canyon and correspond in part to the region suggested to be involved in B19 and AAV-2 coreceptor binding (see above). The conservation of canyon residues has been suggested for picornaviruses as a means of avoiding host immune surveillance by sterically hindering the binding of neutralizing antibodies (46) . However, the canyon of parvoviruses is far wider than in the case of picornaviruses, and, hence, the reason for the conservation of the canyon residues within Erythrovirus is probably a general property of concave surfaces. Nevertheless, because erythroviruses are linked by a common tropism, the greater conservation of the residues in the canyon might suggest the utilization of similar receptor molecules.
The conserved regions amino acids 511-524 and amino acids 534-543 flank an insertion unique to erythroviruses. The amino acid sequence of the insertion differs greatly between human parvovirus B19 and the nonhuman primate counterparts, sug- gesting that this external loop might play a role in the determination of host range. It may be significant that residues known to be involved in determination of the host range of FPV (amino acids 564 and 568) (47) are at about the same site. However, an antibody against the linear epitope comprising amino acids 520-544 of B19 VP2 did not neutralize the virus (28) , suggesting that the loop is not directly involved in cell entry.
The Fivefold Structure. About one in five of the N-terminal regions of the structural proteins of parvoviruses are usually externalized by passing through a channel at the fivefold vertices of the capsid (18, 19) . The channel, constructed of five copies of the DE loop, is occupied by a conserved glycine-rich region. The channel in B19 is 10 Å shorter than that in FPV, consistent with the difference in length of the glycine-rich sequences. The fivefold channel of the B19 VP2 capsids is closed at its outside end. However, the tip of the loop contains a Gly-Gly-Gly sequence (amino acids 136 -138), which might provide f lexibility to switch the channel from closed to open in the presence of the VP1 unique region. Within erythroviruses, the only significant amino acid change in the DE loop is that the gating residue 135 is a threonine in human viruses and a proline in nonhuman viruses.
A Nuclear Localization Signal. It has been shown that a nuclear localization signal (NLS) directs the transport of newly translated viral protein from the cytoplasm into the nucleus for the assembly of the viral particle (48, 49) . A nonconventional NLS (amino acids 493-503) has been identified in the C-terminal region of B19 VP2 that is well conserved within erythroviruses (48) . The sequence is located in about the same region as a nuclear localization motif found for minute virus of mice (49) . The NLS of B19 is exposed on the surface of an isolated VP2 subunit and, thus, can be recognized by cellular nuclear import molecules. After assembly, the NLS is hidden because it is on the inner capsid surface.
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